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ABSTRACT
4C+15.05, (also known as NRAO 91, PKS 0202+14 or J0204+15), is a quintessential blazar. It
has a luminous, variable radio spectrum, a super-luminal jet, and gamma-ray detections. Arecibo
observations with the 700-800 MHz receiver on the 305-m diameter William E. Gordon Telescope
detected, serendipitously, HI in absorption against 4C+15.05 while using it as a bandpass calibrator
for another object in an HI absorption project. Although the redshift we derive is different from that
commonly in use in the literature (nominally z = 0.405), it agrees very well with the value of z = 0.833
determined by Stickel et al. (1996). This absorption feature is best fitted by a sum of three Gaussians,
which yield an average redshift of z = 0.8336±0.0004, although without corresponding high resolution
imaging it is not possible to say whether the components are parts of outflows or inflows. A total
column density of N(HI) = 2.39 ± 0.13 × 1021 cm−2 is derived, relatively high compared to many
radio-loud sources. These results are compared to various relationships in the literature.
1. INTRODUCTION
The blazar 4C+15.05 has been studied extensively
since its inclusion as a bright (∼ 5 Jy at 178 MHz) ra-
dio source in the 4C catalog (Pauliny-Toth et al. 1966;
Gower et al. 1967). Early radio studies found a relatively
flat spectrum, with a 318-5000 MHz slope of α < +0.5,
where Sν ∝ ν−α, and Condon & Jauncey (1974a,b)
found α(318, 7200) = +0.11 ± 0.18 and α(318, 5000) =
+0.26 ± 0.02, respectively. The source remains bright
even at millimeter wavelengths (Kellermann et al. 1971;
Owen et al. 1980, and references therein). This flat-
ness, associated with the compact cores of bright ra-
dio sources, is attributed to the effects of source non-
uniformity within the core, either in the form of distinct
physical components, or in the form of distinct relativis-
tic electron or magnetic field distributions in the envi-
ronment of the AGN (e.g. Kellermann & Pauliny-Toth
1969; Condon & Dressel 1973; Marscher 1977; Giovanoni
& Kazanas 1990). 4C+15.05 was found to demonstrate
the characteristic short-timescale variability of blazars –
first at low frequencies (e.g., Ghosh & Rao (1992) found
a variability index of -2.5% over 15 years at 327 MHz)
and then, as data became available, at higher frequen-
cies (with a variability index of 4.2% over 2 years at 5
GHz (Bennett et al. 1984); with a variability index of
6.4% over 5 years at 22 GHz and 14.8% over 5 years at
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37 GHz (Tera¨sranta et al. 1992, 1998; Tera¨sranta 2000;
Tera¨sranta et al. 2005)). This variability extends into
the infrared, e.g., Stickel et al. (1996) classify it as vi-
olently variable in the J, H, and K bands, and demon-
strates the pervasive influence of the AGN on the broad-
band spectral emission. This blazar, unsurprisingly, ex-
hibits polarization both in the radio (Fan et al. (2008)
report a polarization of 5.2% at 8 GHz) and the opti-
cal (e.g., Impey & Tapia (1990) report a polarization of
3.2% at ∼ 5500 A˚). Super-luminal motion of the interior
jet is detected in Lister et al. (2013), who report speeds
of up to 15.88c. 4C+15.05 is also a known γ-ray source,
and Linford et al. (2012) report a γ-ray flux = 29.98
(±12.42)× 10−9 photons cm−2 s−1.
As with other AGNs, the redshifts of blazars were
initially difficult to determine. However, the extensive
use of spectroscopy and the understanding of blazars as
extra-galactic objects resolved this issue. Previous work
has shown diverse values for the redshift of 4C+15.05,
with the earliest estimate being from Dermer & Schlick-
eiser (1992), who reported z = 1.202 (labelled “uncer-
tain”). Stickel et al. (1996) were the first to report a red-
shift derived from near-infrared/optical spectroscopy,
namely z = 0.833. This was followed by Perlman et al.
(1998) whose slightly expanded NIR/optical spectra led
them to report z = 0.405. Given the expanded spectrum
and improved resolution of the Perlman et al. work, this
third value has been adopted by the community at large
as the correct value. The NASA/IPAC Extragalactic
Database (NED) quotes z = 0.405 and subsequent pa-
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2pers that employ a redshift for 4C+15.05 have used this
lower value.
We now report a new independent measurement that
determines the true redshift for 4C+15.05 to be z =
0.8336± 0.0004.
2. OBSERVATIONS AND RESULTS
2.1. Details of the Observations
In November 2010, taking advantage of the tempo-
rary freeing up of the 700-800 MHz band in June 2009
due to the analog-to-digital TV transition, a special 700-
800 MHz receiver was installed at Arecibo Observatory.
We used that system to target eight strong radio-loud
galaxies whose redshifts move the 21-cm HI line into the
passband of this receiver.
The purpose of the project was to search for HI ab-
sorption as a signature of gas in the nuclear regions and
then follow up those objects with positive detections
with higher resolution observations to probe the kine-
matics of neutral nuclear gas as a means to study the
fueling mechanisms of supermassive black holes. The
dual-polarization 700-800 MHz receiver was cooled to
liquid nitrogen temperatures, yielding a Tsys ∼ 110 K.
It operated from mid-2008 to early 2012; after that date,
wireless and emergency communication channels made
this frequency regime inaccessible for astronomical ob-
servations.
4C+15.05’s expected redshift of z = 0.405 did not
move its HI transition into this band; it was thus not
a target, but was included as a bandpass calibrator
source for the nearby BL Lac object, B0235+164. The
Double Position Switching (DPS) technique (Ghosh &
Salter 2002) was used for each source. This technique
is used to remove the baseline ripple created by an ob-
ject’s own radio emission, which creates standing waves
within the unique structure of the 305m telescope and
its platform. DPS obtains position-switched spectra of a
target source and a calibrator source at similar azimuths
and zenith angles in order to remove this ripple, allow-
ing the detection of low-level absorption. Each 5-min
ON/OFF target observation (5 min on the target source,
and 5 min on blank sky) was therefore matched by a 5-
min ON/OFF calibrator cycle (5 min on the calibrator
source, and 5 min on blank sky); the minimum expected
observing time for a single cycle with this technique is
therefore about 25 min, allowing for slewing. 4C+15.05
was observed on 20, 21, and 22 November 2010, with
clear skies, for a total on-source integration time of ap-
proximately 50 minutes.
2.2. Results
Figure 1. Stacked, polarization averaged raw spectra from
the 700-800 MHz receiver. The red data show the highest-
resolution spectrum; the blue the second-highest-resolution
spectrum; both are smoothed with a boxcar function hav-
ing a 9-channel width. The green line is the fitted baseline
(described in Section 2.2). The spike at the center of the
spectrum is an artifact of the spectrometer. The y-axis is
relative flux density, obtained by averaging the on-off spec-
tra for the target source and for the bandpass calibrator,
then dividing these to remove baseline ripples.
Individual ON/OFF scans of 4C+15.05 were pro-
cessed using the Arecibo IDL analysis packages written
by Phil Perillat and Robert Minchin to yield bandpass-
corrected spectra, using B0235+164, which showed no
HI absorption, as the bandpass calibrator. These spec-
tra were then co-added and the orthogonal polarizations
combined to produce the final ‘raw’ spectrum, which is
presented in Figure 1; the y-axis is a relative flux density
produced by (ON − OFF )target/(ON − OFF )cal. Ab-
sorption was detected at z ∼ 0.83 with a fractional ab-
sorption of ∼ 2.5%. Using a baseline fitting routine that
is part of the Arecibo analysis suite, a first order poly-
nomial (i.e., linear) baseline was fitted to the continuum
portion of the spectrum (after masking out obvious RFI
and the frequency range of the HI absorption). Third,
fourth, and fifth order polynomials were also fitted to the
spectrum continuum but were not an improvement. The
fitted baseline was then used to provide the unabsorbed
continuum level within the frequency range of the HI
absorption. This allowed the derivation of optical depth
(τν , from Sν,absorbed = Sν,continuume
−τν ). Integrating τ
over the width of the line in km/s then gives an esti-
mate of the column density of the HI lying in front of
the AGN continuum emission:
3Figure 2. (Top) The optical depth of HI absorption for
4C+15.05; red line: summed Gaussian fits; green lines: in-
dividual Gaussian components; (Bottom) The difference be-
tween the data and the red line, demonstrating the goodness
of fit. The x-axis is the recession velocity relative to the
Stickel et al. (1996) redshift of z = 0.833.
N(HI) = 1.835× 1018Ts
∫
τdv
fc
cm−2 (1)
In addition, the absorption line was well fit by a com-
bination of three Gaussians, as shown in Figure 2. As-
suming the HI spin temperature Ts = 100 K and the
covering fraction fc = 1.0, and integrating over the op-
tical depth spectrum yields a total column density of
N(HI)= 2.39 ± 0.13 × 1021 cm−2. The residuals pre-
sented in Figure 2 between the derived optical depth
and the sum of the three Gaussian fits indicates the
quality of the fit. The parameters of the three compo-
nents are presented in Table 2. The column density for
each component has been determined using the approxi-
mation that for τ(v) that takes the shape of a Gaussian,
1.835×1020 ∫ τ(v)dv cm−2 = 1.93×1020τpeak∆v cm−2,
where ∆v is the FWHM and τpeak is the peak optical
depth of each component (under the continued assump-
tion of Ts = 100 K and fc = 1.0).
3. DISCUSSION
3.1. The Significance of a High N(HI)
With a total neutral hydrogen column density of
N(HI)= 2.39 × 1021 cm−2, 4C+15.05 can be consid-
ered a high HI column density source, on par with the
deep absorption of J1148+5924 reported by Gupta et al.
(2006). Previous work (such as Pihlstro¨m et al. 2003;
Gupta et al. 2006, and references therein) has suggested
an anticorrelation between N(HI) and the projected or
linear source size, which Curran & Whiting (2013) at-
tribute to geometric effects. Some studies (e.g. Gupta &
Saikia 2006; Kapahi & Saikia 1982) also find a correla-
tion between the prominence of the core in a radio source
and high N(HI) measurements. High resolution VLBI
imaging at 5 GHz (Linford et al. 2012) shows strong
evidence for a central core component to 4C+15.05, on
the order of 10 milliarcsec. At a redshift of z = 0.833,
this yields a projected linear size of ∼ 77 pc (assum-
ing the following cosmological parameters: Ho = 69.6
km s−1 Mpc−1, ΩM = 0.286, and Ωvac = 0.714). They
also report a 5-GHz core flux density of 1.5 Jy, indi-
cating (conservatively) that ∼ 60% of the total 5-GHz
flux density for the whole galaxy comes from a region on
the order of a few milliarcsec. Between this higher core
fraction, the small angular size of the core, and the high
HI column density, 4C+15.05 is consistent with both
the N(HI) vs core fraction and the N(HI) vs projected
linear size correlations mentioned above.
Overall, HI absorption has rarely been detected in
high redshift (z > 1) radio sources (see, e.g. Kanekar &
Chengalur 2003; Curran et al. 2008). Some studies (Cur-
ran & Whiting 2012; Curran et al. 2013a,b; Allison et al.
2012; Aditya et al. 2016) suggest what Curran et al.
(2017) call a “critical UV luminosity,” LUVcrit = 10
23
W Hz−1, above which the neutral gas in a host galaxy
is fully ionized. The theory is then that the lack of HI
absorption in high-z samples stems from a selection ef-
fect, i.e. high-z sample populations are looking further
away, so they necessarily contain intrinsically high lumi-
nosity objects, particularly UV-luminous objects which
would be capable of fully ionizing their neutral hydro-
gen. With the confirmation of z = 0.8336, 4C+15.05
is a relatively high redshift source after all, and highly
luminous as a blazar, so it is a bit of a curiosity in that
it features HI absorption.
While 4C+15.05 has not been observed in the UV,
we can estimate a LUV from publicly available data fol-
lowing the methods described in Appendix B of Curran
et al. (2008). This requires first extrapolating to UV
flux from observed photometry in two bands by fitting a
power law. Curran et al. (2008) in particular base their
work predominantly on B and R band photometry, ex-
trapolating to the flux at λU = 1216 A˚. At the redshift
z = 0.8336, this corresponds to λU (1 + z) = 2229 A˚,
making B or V band photometry particularly impor-
tant if we hope to make an accurate extrapolation. We
use the Torrealba et al. (2012) B = 22.4 mag, and a typ-
ical value from Vizier of R = 21.0 mag, which for their
respective band centers (440 nm and 680 nm) yield flux
densities of FB = 0.00453 mJy and FR = 0.0117 mJy.
At z = 0.8336 (and assuming Ho = 69.6 km s
−1 Mpc−1)
4Table 1. Multiple-Gaussian fits to the HI absorption spectrum of
4C+15.05
ID no vhel z FWHM Frac. abs. N(HI)
km s−1 km s−1 1020cm−2
1 249745(0.82) 0.83306 78.7(1.90) 0.0109 1.65(0.04)
2 249968(1.74) 0.83380 345.9(6.61) 0.0197 13.4(0.25)
3 249988(32.9) 0.83387 848.1(128.2) 0.00540 8.83(1.3)
this gives LλU ∼ 1021 W Hz−1, which is appropriately
below the critical level at which the host galaxy would
be expected to have its neutral gas fully ionized. How-
ever, since this blazar is known to vary in both the IR
and optical, this prediction must be treated cautiously.
Without physically resolving the location of the neu-
tral hydrogen detected by our observations, we cannot
speak to whether these clouds are distinct components
in the circumnuclear region, or part of a larger surround-
ing photodissociation region in which they are embed-
ded, such as the dusty torus, or even part of a more
global HI distribution within the host galaxy. Neverthe-
less, the three-component fit affirms the complex nature
of the gas associated with the AGN. Interestingly (al-
though the low level of accuracy of the optical redshift
of the galaxy prevents us from saying anything definite),
the three components do not appear to be partaking in
larger scale movement, despite a blazar’s potential for
translating its energy into kinematic motion of the sur-
rounding gas. The average redshift is distinct from any
individual component, but two of the components (ID
numbers 2 and 3) are centered at very similar central
velocities, and the third is more significantly separated.
This might (speculatively) be explained if the charac-
teristic redshift of the whole host galaxy is better rep-
resented by those two components. If this is the case,
then the first component (ID number 1) that produces
the narrower ‘bump’ on the side of the spectrum may
perhaps be a signature of a blueshifted outflow driven to-
wards us. High-resolution follow-up would be extremely
valuable in order to distinguish the spatial characteris-
tics of these kinematic features.
Classically, 4C+15.05 has been classified as a flat-
spectrum source due to the flatness of its 300-3000 MHz
continuum spectrum discussed in the introduction. In-
terestingly, An et al. (2016) suggest that 4C+15.05 may
be considered a compact steep-spectrum (CSS) source
instead, due to its compact size and a possible spectral
flattening or even turnover at 200 MHz. Their spec-
tral analysis is made based on reported values from the
NASA Extragalactic Database, and as they point out,
the different epochs at which the data were collected
makes this source worthy of further study to confirm
the turnover at low frequencies. The compactness of the
source depends on high-resolution radio imaging found
in An et al. (2016) and Wang et al. (2003). With the ac-
curacy of the redshift reported in this present work, the
projected linear separation of 250 milliarcsec between
the NE and SW ends of the 5-GHz MERLIN image cor-
responds to 1.94 kpc rather than the 1.3 kpc derived in
An et al. (2016). This is still well within the scale of
the host galaxy (< 15 kpc) and so does not preclude the
identification of 4C+15.05 as a CSS. The dense ISM en-
vironment of a CSS, which is responsible for reining in
the emission of the AGN, is an appropriate environment
for high density neutral gas such as is reported in this
paper to be found, even in proximity to the powerful
outflows of a blazar.
3.2. Concerning the Redshift Discrepancy
Two of the previous works that report a redshift for
4C+15.05 present the spectra upon which the estimate is
based. The near-IR/optical spectroscopy of Stickel et al.
(1996) was taken with the Red Channel spectrograph on
the Multiple Mirror Telescope and covered 4200 to 8299
A˚. This reveals narrow emission lines of [O II] 3729 and
[Ne III] 3870, redshifted by z = 0.833 and “of moder-
ate excitation.” The resolution achieved was 18 A˚. The
near-IR/optical spectroscopy of Perlman et al. (1998)
spans 4000-10000 A˚, and was taken with the ESO 3.6m
telescope, with an unspecified (but “improved”) spectral
resolution. They observed the same lines that appear in
the Stickel et al. spectra, but identified them as H-β and
[O III]. Additionally, in their higher resolution spectra
they propose identification of H-α and H-η as well as a
Mg II line near 3800 A˚. With this interpretation, the
spectra yields z = 0.405. This conclusion is dependent
on the identification of the H-α line, the primary dif-
ference between the Perlman et al and the Stickel et al
results. While the Perlman et al work claims identifica-
tion of additional lines, the signal-to-noise ratio makes
them much less reliable indicators of redshift. Indeed,
it is difficult to even distinguish the H-η line from the
continuum. Unfortunately, the line that Perlman et al.
5label as H-α is also in a noisier part of the continuum
– the sudden jaggedness of the spectrum at the red end
suggests, perhaps, an inadequately subtracted sky line.
Alternately, reconsidering the data from Perlman et al.
(1998) to be at the redshift of z = 0.833, the proposed
H-α line at about 9180 A˚ can be interpreted as an [O
III] doublet of 5088.927 and 5088.962 A˚.
4. CONCLUSIONS
Neutral hydrogen is a unique indicator in radio as-
tronomy, distinct as it is from most other atomic and
molecular lines. For a redshift of either z = 1.202 or
z = 0.405, there is no other possible identification of
the absorption observed in the spectrum of 4C+15.05
at ∼ 774.4 MHz. The correspondence of this absorption
with neutral hydrogen shifted by the precise amount in-
dicated by the Stickel et al. (1996) reported redshift of
z = 0.833 provides unambiguous evidence for establish-
ing the redshift of 4C+15.05. Moreover, with the high
resolution and sensitivity of Arecibo Observatory’s 305
m telescope, we are able to improve the accuracy of this
measurement by an order of magnitude, as well as reveal
a complex kinematic structure of HI absorbers within
the blazar. The presence of a high density component
of neutral gas is additional evidence that may support
the identification of 4C+15.05 as a compact steep spec-
trum source.
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